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ABSTRACT 
 
 The focus of this study is on flow structure and confluence morphodynamics at a large 
river confluence with an asymmetrical planform.  Five sets of field measurements of three-
dimensional velocity components and bed topography at the confluence of the Wabash River and 
Embarras River along the Illinois-Indiana border reveal a complex hydrodynamic environment 
that responds dynamically to changes in momentum flux ratio of the incoming flows and to the 
effects of secondary circulation cells. The scour hole location and geometry within this 
confluence hydrodynamic zone are subject to change depending on the relative momentum of the 
two rivers with the zone of scour shifting outward and enlarging as the momentum flux of the 
lateral tributary (Embarras River) increases relative to the momentum flux of the main stem 
(Wabash River).  When the momentum of the Embarras River is relatively small, this river has 
little influence on flow structure in the confluence and flow in the Wabash River resembles 
patterns observed in a gently curving meandering river. When the momentum of the Embarras 
River is relatively large, the high-angle convergence of the two rivers leads to the development 
of a distinct shear layer where the orientation of cross-stream velocities changes abruptly, 
characterized by descending flow. Data on secondary flow components defined by the Rozovskii 
method reveal counter-rotating helical cells with strong downwelling along the shear layer. 
Patterns of backscatter intensity, used here as a surrogate for sediment concentration, along with 
data on surficial water temperatures indicate that the mixing interface between the two rivers 
corresponds to the position of the shear layer. The research shows how three-dimensional 
velocity data along with the ancillary information obtainable from acoustic Doppler current 
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profilers can play a vital role in developing a better understanding of complex hydrodynamic 
environments at large river confluences.  
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1. INTRODUCTION 
 
The convergence of rivers at channel junctions or confluences produces a complex 
hydrodynamic and morphodynamic environment within fluvial systems. River confluences must 
accommodate abrupt, local changes in discharge, sediment transport, flow structure, and 
hydraulic geometry. Interactions among flow and sediment transport occur over a wide variety of 
hydrological events, yet overall channel geometry at confluences often remains relatively 
constant over time. The morphological changes that do occur are the result of changing flow, 
momentum ratios, bed shear stress, and sediment transport. Bed morphology often changes more 
readily than channel morphology at the scale of individual hydrological events; it reflects spatial 
patterns of erosion and deposition that, in turn, are related to spatial patterns of fluid forces and 
sediment transport [Best and Rhoads, 2008; Rhoads et al., 2009].  
Scour of the river bed and deposition of bars within the confluence hydrodynamic zone 
(CHZ) – the zone within the immediately vicinity of the confluence where hydrodynamic 
conditions reflect the effects of flow convergence [Kenworthy and Rhoads, 1995] – are strongly 
influenced by junction symmetry, junction angle, and the momentum flux ratio of the confluent 
flows [Best 1986, 1987, 1988]. Although past experimental, modeling, and field studies have led 
to a general understanding of flow – bed morphology relations at small confluences [Bradbrook 
et al., 1998; Bradbrook et al., 2000a; Bradbrook et al., 2001; Weerakoon et al., 1991; 
Weerakoon and Tamai, 1989; Best, 1987; Best, 1988; Best and Reid, 1984; Best and Roy, 1991; 
Biron et al., 1996a; Biron et al., 1996b; McLelland et al., 1996;Ashmore et al., 1992; Biron et 
al., 1993; Bristow et al., 1993; De Serres et al., 1999; Gaudet and Roy, 1995; Kenworthy and 
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Rhoads, 1995; Rhoads, 1996; Rhoads and Kenworthy, 1995; Rhoads and Kenworthy, 1998; 
Rhoads and Kenworthy, 1999; Roy and Bergeron, 1990; Roy et al., 1988; Sukhodolov and 
Rhoads, 2001; Boyer et al., 2006;Rhoads and Sukhodolov, 2001,2004, 2008],  the insights 
gained from studies of small confluences may not be applicable over a range of scales.  As 
defined here, small confluences are those where measurements of flow can be obtained by 
wading across the river (depth < 1.5 meters) or by spanning the river with a maneuverable bridge 
(width <20 meters).   The limited studies of confluences in large rivers, which have focused 
mainly on braid-bar confluences, indicate that scale may be an important factor governing 
confluence dynamics, especially regarding the importance of secondary currents [Parsons et al., 
2008].  Considerable debate has arisen about the occurrence, generative mechanisms, and 
importance of secondary currents at confluences [Lane et al., 1999, 2000; Rhoads and 
Kenworthy, 1999; Nikora and Roy, 2010], but the evidence presented thus far for large rivers 
suggests that secondary currents may be weak or absent in such confluences, particularly in 
braid-bar confluences [Parsons et al., 2007; Szupiany et al., 2009, 2012]. Secondary currents, if 
present at confluences, can have a significant influence on sediment mobilization and patterns of 
erosion and deposition [Rhoads and Kenworthy, 1995; Rhoads et al., 2009; Constaninescu et al., 
2011].  
 A critical need exists for studies of flow structure and bed morphodynamics at large-river 
confluences to determine whether lessons learned about confluences at small scales apply to 
large scales. The purpose of this study is to examine the flow structure and bed morphology at a 
high-angle asymmetric confluence of two relatively large rivers. The research uses acoustic 
Doppler current profilers to examine the three dimensional structure of flow during several 
different events as well as changes in the bed morphology over the timeframe of the velocity 
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measurements. Results of the study are compared with previous work to explore similarities and 
differences between the hydro- and morpho-dynamics of this large-river confluence in relation to 
those at other small and large confluences.  
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2. STUDY SITE 
 
The field site for the research is the confluence of the Wabash River (WR) and the Embarras 
River (ER). This confluence is located along the border between Illinois and Indiana, near 
Vincennes, Indiana, USA (Figure 1).  The planform geometry of this confluence is asymmetrical 
and the ER joins the WR at nearly a right angle; the centerline intersection angle at the junction 
is approximately 85 degrees. The drainage area of the ER is 6,317 km2 and the WR is 35,592 
km2, yielding a drainage area ratio of 0.18. At bankfull discharge, the mouth of the ER has a 
width (Wb) of 63 meters and a mean depth (Db) of 4.5 meters (Wb/Db = 14). The bankfull channel 
of the WR is 137 meters wide and 6.1 meters deep upstream of the confluence (Wb/Db = 22.5) 
and 139 meters wide and 7.0 meters deep downstream of the confluence (Wb/Db 19.8). The 
intersection of the river beds is slightly discordant; the bed of the ER is approximately 1.5 meters 
higher in elevation than the bed of the WR upstream of the scour hole. The scour hole faces have 
gradients of 8 to 13 percent (4 to 8 degrees) near the mouth of the ER and 4 to 6 percent (3 to 4 
degrees) opposite the mouth on the other side of the WR. The banks of both rivers are nearly 
vertical and the bottom is uneven because of migrating bed forms and the scour hole. The WR is 
unaltered from the mouth at the Ohio River to Huntington Reservoir, a distance of 710 
kilometers, but the ER has been historically straightened through an 8 kilometer reach between 
the confluence and Lawrenceville, Illinois. Both rivers are unconstrained and respond naturally 
to erosional and depositional processes. 
 Bed material throughout the confluence consists primarily of medium (0.250 mm, 2φ) to 
coarse (1.00 mm, 0φ) sand  but ranges from coarse silt (0.062 mm, 4φ) to coarse pebbles (32.0 
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mm, -5φ).  Sediment grain size histograms illustrate the percentage distribution of the various 
grain size distribution of sediment throughout the WR – ER confluence (Figure 2).   The samples 
were obtained with a BM-54 sediment sampler on 23 May 2006 and were processed through dry 
sieve analysis. Bed material upstream of the confluence in the ER is predominantly medium sand 
(0.250 mm to 0.500 mm, 2φ to 1φ). Bed material in the WR upstream of the confluence also 
consist mainly of medium sand.  Within the CHZ, the size of bed material is more variable than 
at the upstream locations. Samples near the margins of the scour hole have grain size 
distributions similar to those for the upstream locations.  Within the scour hole (sample s7, see 
figure 2) bed material ranges from very fine granules to medium pebbles (2.00 mm to 16.0 mm, -
1φ to -4φ).  The relative coarseness of bed material within the scour hole may reflect winnowing 
of fine particles within this region of the confluence. Near apex junction corner (Sample S10, see 
figure 2) bed material contains more fine sand (0.125 mm to 0.250 mm, 3φ to 2φ) than samples 
for other locations. The presence of abundant fines at this location may reflect occasional flow 
stagnation that promotes deposition of suspended sediment. At the downstream junction corner 
near the mouth of the ER (sample S8, see figure 2), 83% of the bed material is medium sand 
(0.177 mm to 0.354 mm, 2.5φ to 1.5φ), similar to sediment in the ER. 
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3. FIELD METHODS 
3.1 Data Collection 
 
Field data collection campaigns were conducted on five dates: 20 April 2006, 23 May 2006, 
11 January 2008, 23 April 2008, and 14 May 2008. Data were collected along a series of 14 
cross sections using a Teledyne RD Instruments Rio Grande 1200 kHz acoustic Doppler current 
profiler (ADCP) and a Trimble AG132 differential global positioning system (DGPS). The field 
data consist of multiple transects of ADCP data coupled with DGPS positioning along 
predetermined cross sections to obtain data on three dimensional velocity components, bed 
elevation, water temperature, and backscatter intensity. The ADCP was mounted to an aluminum 
pipe bracket on the port side of the bow of a 5.8 m aluminum boat, with the DGPS directly above 
the instrument. The DGPS was necessary for establishing the horizontal position of each 
measurement location and for navigating along the cross sections using Hypack, a navigation and 
survey software package. The DGPS provided horizontal positions to an accuracy of 
approximately +/- 1.0 meter with the data output at approximately 1 Hertz (Hz). The ADCP was 
configured to have 10 centimeter bins within each ensemble and an approximate update rate of 1 
Hz. The ADCP and DGPS data were collected and processed using WinRiver Software. 
Temperature data from a thermistor on the face of the ADCP, between the four transducers, is 
recorded along with each ensemble and saved within the ADCP file. 
Each measurement campaign began with setting-up the ADCP and DGPS on the boat. Once 
the instruments were in the water, the draft of the ADCP was measured and recorded in 
WinRiver. The magnetic declination was also set in the software, based on the date, location and 
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a geomagnetic model. The ADCP was then configured to the conditions of the flow event with 
an effort to optimize the configuration to obtain data with a 10 centimeter bin resolution and at a 
1 Hz update rate. After the instruments were situated and configured, the ADCP was tested 
through a series of commands in a script file and the ADCP compass was calibrated and 
evaluated for compass accuracy.  
TRDI [1996], Simpson [2002], Oberg et al [2005], and Mueller and Wagner [2009] provide 
detailed descriptions of the operational concepts behind ADCP technology.  When using an 
ADCP, the compass should be calibrated and evaluated at every site to determine expected 
uncertainty. Compass errors can be caused by local distortions in the earth’s magnetic field, 
placement of ferrous equipment or objects too close to the ADCP compass, and the displacement 
of the compass out of the horizontal position. Compass errors will vary with heading as can be 
seen from a model of sine and cosine curves in Mueller and Wagner [2006, 2007]. A properly 
calibrated compass is critical to velocity mapping. The error caused by an improperly or un-
calibrated compass will result in directional bias of velocity vectors from transect to transect 
along the cross-sectional plane, directional bias of the measured discharge of each transect, and 
possible distortion of coherent flow structures. Mueller and Wagner [2007] illustrate the 
compass error problem with a loop correction example where the compass bias resulted in a 41% 
error in the calculated moving-bed velocity thereby adding bias to a discharge measurement. The 
results of all the compass calibrations in this study were less than one degree of error.  
The ADCP uses the speed of sound for the computation of depth and velocity.  The speed of 
sound is temperature-compensated within the WinRiver software. The speed of sound is also 
affected by high salinity, but both rivers contain freshwater and thus no correction was needed or 
applied for salinity.  
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With the instruments tested and calibrated, cross sections upstream of the confluence on the 
ER and then the WR were measured first to obtain a discharge from each tributary for calculation 
of the momentum flux ratio for the event. After discharges at these initial sections were obtained, 
the remaining cross sections were usually measured sequentially through the reach. The cross 
sections were navigated by feeding the DGPS signal into Hypack navigation software.  Transects 
representing individual traverses across the cross section typically were terminated within 2-3  
meters from the edge of water on each side of the channel to avoid near-bank debris and loss of 
data from side lobe interference caused by impinging of the acoustic signals on the nearly 
vertical banks.  This procedure also minimized multi-path signal interference to the DGPS that 
can result from satellite signals reflected off of tree cover along the channel banks.   
Szupiany et al [2006] recommended five transects along each cross section to obtain accurate 
information on secondary flows based on their work on the Parana River, Argentina.  Oberg and 
Mueller [2007] and Czuba and Oberg [2008] found that time in section was an essential factor 
for discharge measurements. They used over one thousand ADCP transects, comprising over one 
hundred discharge measurements from over 22 sites throughout the United States, Canada, New 
Zealand, Sweden, The Netherlands, and the United Kingdom. Oberg and Mueller [2007] and 
Czuba and Oberg [2008] concluded that an effective exposure time within a cross section is at 
least 720 seconds and reciprocal pairs of transects are necessary to minimize the possibility of 
introducing directional bias into the flows measured by an ADCP. In this study, at least two 
transects were collected on each cross section to avoid directional bias and to ensure sufficient 
exposure time.  Table 1 shows the cross sections surveyed during each event, the number of 
transects on each cross section, and the average duration per cross section during each event. The 
cross-sections through the center of the CHZ generally had five to six transects on each cross 
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section to ensure adequate coverage in complex flow environments. The 2008 measurements 
also included single pass longitudinal lines within the WR to better define the bathymetry, the 
temperature gradients, mixing areas, and the distribution of backscatter intensity throughout the 
reach and especially through the scour hole in the CHZ.  
Three hundred twenty transects of ADCP data were collected throughout the ER-WR 
confluence during five measurement campaigns. An average of four transects (individual passes) 
were made at each cross section with a 771 second average measurement duration per cross 
section. These average numbers are based only on transects along cross sections and do not 
include longitudinal transects. Sixty four total transects were surveyed using the fourteen 
planned cross sections (Figure 1).  The average duration per cross section exceeds the Oberg and 
Mueller [2007] recommendation for duration per cross section, but the number of transects per 
cross section is one less than the five recommended by Szupiany et al. [2007]. Nevertheless, the 
average of four transects per cross section is consistent with recommendation that transects be 
collected as reciprocal pairs to avoid directional bias [Oberg and Mueller, 2007].  The April 
2006 dataset is based on fewer transects than the datasets for the other dates and both the number 
of transects and total time are less than recommended values; thus, results for this dataset are less 
precise than results for other datasets.  
 
3.2 Field Data Processing 
 
Data for each ADCP transect were processed and sub-sectioned to remove erroneous 
spikes using WinRiver II Software, version 2.15. Velocity measurements near the channel banks 
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were often affected by DGPS multipath errors caused by receiver proximity to trees or water 
track errors caused by reverse boat thrust in nearly stagnant water. Such erroneous measurements 
were removed from the analysis. During processing, the magnetic variation and instrument draft 
were verified for each set of measurements. Raw velocities from the ADCP consist of north, east, 
vertical, and error velocity components. Each component of velocity was exported from 
WinRiver as part of a larger American Standard Code for Information Interchange (ASCII) text 
file.  
Additional processing for projecting velocity data in three dimensions onto the plane of 
the measurement cross sections was performed through the Velocity Mapping Toolbox (VMT), a 
set of MatLab scripts with a graphical user interface (GUI) [Parsons et al. 2013]. VMT provides 
a consistent method for projecting and comparing ADCP data sets. VMT can either calculate the 
best fit line of the ADCP transects (ship tracks) and project the data from the ship tracks onto 
that line, or the user can provide predetermined endpoints of a cross section and VMT will 
project data from the transect onto that cross section. Data processing for this project used 
endpoints for the original cross sections and projected the velocity data from the transects onto 
these cross sections. VMT provides three options for calculating the transverse velocity 
components of the flow:  the transverse components parallel to the orientation of the cross 
section, the transverse components parallel to the plane of zero net transverse discharge over the 
entire cross section, and the transverse components parallel to the plane of zero net depth-
averaged velocity over each ensemble (Rozovskii method) (Rozovoskii, 1957).  
To display the velocity data in a cross-sectional view, the GUI allows the user to select a 
variable to represent as contours (velocity components, backscatter intensity), and these contours 
can be superimposed with a set of secondary velocity vectors computed using any of three 
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transverse components of velocity.  Plots can be scaled and vector data can be smoothed. By 
displaying data using uniform scaling and contouring ranges, differences in the flow structure 
can easily be compared at a cross section between dates and different momentum ratios of flow 
or for a single date between the different cross sections. Plan view plots of velocity vectors 
(streamwise and transverse components) can also be created with VMT. Planview plots can show 
depth-averaged velocity vectors or the user can specify a particular depth, or range of depths, 
over which vectors are to be averaged and displayed. Using VMT as a tool for analyzing and 
displaying velocity data is of particular importance within a CHZ where the orientation of the 
flow in the transverse direction is changing rapidly over space as two confluent flows combine.  
The flexibility of exploring different perspectives on the flow field, particularly the patterns of 
secondary flow, is necessary to determine the three dimensionality of complex confluent flows.  
The processed ADCP ASCII transect files for each cross section were imported into 
VMT along with a file of the endpoints of each cross section so the transect data were projected 
onto the plane of the cross section. After processing, each cross section was saved as a MatLab 
“*.m” file that contains the projected, composited and processed data from all transect files for a 
cross section. The ‘m’ files can be reloaded into VMT later for further analysis, such as creating 
a planview velocity vector plot of several cross sections or for reevaluating a cross section plot. 
The reader is referenced to Parsons et al. [2013] for more details on the specific capabilities of 
VMT. 
Temperature and backscatter intensity are two ancillary sources of information yielded by the 
ADCP as part of its operation. Temperature is necessary to calculate the speed of sound at the 
transducer face. Backscatter intensity is measured by reflection of the sound waves off of 
particles moving with the flow.  Backscatter is necessary for the Doppler shift calculations used 
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to produce velocity estimates. Backscatter, and indirectly, the quantity of particles in the water 
column are measured in decibels (dB); thus, the greater the particle load, the greater the 
backscatter intensity in dB. Backscatter intensity is recorded for each bin within each ensemble.  
Temperature is only recorded at the transducer face for each ensemble. The face of the 
transducer was generally 0.15 to 0.20 meters below the water surface for each of the five 
measurement campaigns. Planview contour plots of spatial patterns of temperature, as well as 
planview and cross-section plots of backscatter intensity, can be used to identify patterns of 
mixing at the confluence. 
Depth for each ensemble is computed as an average of the four acoustic beams of the ADCP. 
Depth can also be extracted for each of the four beams from the ASCII data file. By accounting 
for the beam angle, the compass orientation, the pitch, the roll, and the ADCP location from the 
DGPS, the location and depth of each beam can be obtained. Bed elevations can be computed 
from the depth data by subtracting these values from water surface elevations.   Water surface 
elevations during each measurement campaign were obtained from USGS stream gage datum 
elevations at Vincennes, Indiana (upstream of the confluence) and Mt. Carmel, Illinois 
(downstream of the confluence). These data were used to compute water surface slopes between 
the gages and to estimate time of travel of flood waves between the stations.  Based on the slopes 
and times of travel of flood waves, estimates of water-surface elevations at the confluence at the 
time of flow measurements were generated. The corrected individual beam depths from all 
ADCP transects within each field campaign were used to produce a bathymetric map for each 
event in ArcMap.  Spatial interpolation of bed elevation to produce these maps was performed 
using ordinary Kriging geostatistical techniques.  
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3.3. Hydrological Data Analysis 
 
Stream gaging stations operated by the United States Geological Survey (USGS) on the 
Embarras River at Lawrenceville, Illinois (03346500), about 11 kilometers upstream from the 
confluence,  and on the Wabash River at Mt. Carmel, Illinois (03377500), about 41 kilometers 
downstream from the confluence, provided real-time hydrological information on flow for the 
two rivers near the confluence (Figure 3).   Discharges from the White River at Petersburg, 
Indiana (03374000) and the Patoka River near Princeton, Indiana (03376500) were subtracted 
from the Wabash River at Mt. Carmel, Illinois (03377500) discharge to remove additions of 
water from major tributaries between the gage and the confluence.   The historic flow data for 
this confluence were obtained from Embarras River at Ste. Marie, Illinois (03345500), North 
Fork Embarras River near Oblong, Illinois (03346000), and Wabash River at Vincennes, Indiana 
(03343000). These gaging records define the general hydrological context of the flow 
measurements and event magnitude.  All of the measured events were close to bankfull discharge 
at the site (850 m3 s-1, below the confluence).   In two of the events (20 April 2006 and 23 May 
2006), the WR was at peak discharge and the stage of the ER was falling.   The other three 
events included the following combinations:  WR rising, ER peak (11 January 2008); WR 
falling, ER falling (23 April 2008) and WR peak, ER peak (11 July 2008).   
The momentum flux ratio (Mr) for each event was calculated as:  
Mr = (ρ2Q2V2)/ (ρ1Q1V1)                                                                                                          (1) 
where Q is the discharge in cubic meters per second (m3s-1), ρ is the density of the water in 
kilograms per cubic meter (kg m-3), and V is the mean velocity in meters per second (m s-1), and 
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the subscripts 1 and 2 refer to the WR and ER respectively. Density differences between the two 
rivers were assumed to be minor and, thus, ρ1 = ρ2= 1000 kg m-3.  Momentum ratios for the 5 
events ranged from a maximum of 0.34 to 0.01, indicating the clear dominance of the WR on all 
measurement campaign dates (Table 2).  However, the velocity ratios, which should govern 
shear between the two flows, varied over a broad range from 0.17 to 1.10. Additionally, 
comparison of the ER and WR discharges can be made with the flow dominance ratio (Fd) 
[Zinger, et al., 2013], defined as: 
Fd = (QER / QWR)(QER / Q2yearER)       (2) 
The 2 year flood on the ER is Q2yearER = 192 m3s-1. The magnitude of the Fd reflects both the 
discharge of the ER relative to the WR as well as the discharge of the ER to a moderate flood 
event. The Fd is a good indicator of channel shaping events. The ER and the WR tend to flood at 
the same time and the WR discharge is generally much greater than the ER. This condition often 
creates a backwater condition for ER discharge. Therefore, a high value of Fd indicates that the 
ER discharge is large relative to the WR Discharge when the WR is at a high flood stage. 
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4. RESULTS 
4.1 Hydrological Conditions  
 
According to the USGS mean daily discharge data over the period of this study (Figure 2), 
the maximum discharge ratio at this confluence was 2.04 during a high flow period in June 2008, 
which had a corresponding flow dominance ratio of 10.8.  The ER peaked during a slight 
recession between peaks on the WR resulting in the extraordinary high discharge ratio (Qr) for 
this confluence. In 70 years of record from the Wabash River at Vincennes, Indiana (03343000) 
and a combination of the period of record at the Embarras River at Lawrenceville, Illinois 
(03346500) and the combined with the historic flows from Embarras River at Saint Marie, 
Illinois (03345500) and North Fork Embarras River at Oblong, Illinois (03346000), sixteen 
events at the ER-WR confluence have had a Qr greater than 1.0, but only 8 occurred during flood 
conditions.  Similarly, within this same period of record, the flow dominance ratio was greater 
than 1.0 two hundred twenty one times, greater than 5.0 eleven times and greater than 10.0 only 
once on June 10, 2008. This latter event immediately preceded the last measurement campaign at 
the site in July 2008. Discharge ratios, momentum flux ratios, and flow dominance ratios for the 
5 measured events clearly indicate the dominance of the WR on all measurement dates (Table 2). 
 
4.2 Bed Morphology  
 
The bed morphology of the WR-ER confluence is characterized by a prominent scour hole, a 
bathymetric feature typically found at high-angle asymmetrical confluences (Figure 4) [Best, 
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1988].  The maximum depth of the scour hole relative to the bed elevation of the Wabash River 
upstream of the confluence is about 7 to 8 meters. The bed elevation, in meters above the North 
American vertical datum of 1988 (NAVD 88), of the Embarrass River upstream of the 
confluence is higher (118 meter bed elevation) than that of the Wabash River (115 meter bed 
elevation), leading to discordance of about 3 m between the two channels at the confluence.  The 
slopes of the two channel beds into the scour hole differ substantially.  The gradient of the 
channel bed from immediately upstream of the confluence to the locus of maximum scour depth 
along the Wabash River ranges from 0.036 to 0.053 m/m, whereas the gradient of the channel 
bed from immediately upstream of the confluence to the locus of maximum scour depth along 
the Embarras River ranges from 0.085 to 0.127 m/m.  Thus, flow from the Embarras River 
encounters a much steeper gradient in bed elevation as it enters the confluence than does flow 
from the Wabash River.   
No pronounced deposition of sediment is evident near the upstream junction corner, which is 
typically characterized by flow stagnation [Best, 1987].  Moreover, no major bars have 
developed along the right bank of the Wabash River downstream of the confluence – a region 
where flow separation or deceleration of flow can lead to bar formation [Best and Rhoads, 2008]. 
Several small bars are visible in this region and may be the result of local flow 
separation/deceleration and the influence of abundant large woody debris on deposition of 
transported sediment along that bank.    A pronounced bar is present on the left bank of the WR 
across from the mouth of the ER.  This bar reaches its maximum elevation slightly downstream 
of where the ER enters the WR along the opposite bank. This feature appears to be a point bar 
associated with mild curvature of the WR near the confluence.  
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Bathymetric maps and plots of channel cross sections for the measurement transects illustrate 
changes in bed morphology for the five measurement campaigns over the two-year period of the 
study (Figures 4 and 5).   Upstream of the confluence, the elevation of the channel bed remained 
relatively constant for the three measurement campaigns between 20 April 2006 and 11 January 
2008.  From January to July 2008, flows on the Wabash and Embarras Rivers consistently 
exceeded mean values (Figure 3), resulting in net erosion of the channel bed upstream of the 
confluence on both rivers (Fig. 5 cross-sections 1&2, 13&14).  Scour on the Wabash River 
reflects upstream expansion of the confluence scour hole (Figure 4).  Bed elevations at cross-
sections 1 and 2 on the Wabash River decreased by about 3-4 meters as this scour hole expanded. 
To some extent, the zone of scour also expanded into the Embarras River, resulting in decreases 
in bed elevation of about 1 to 2 meters, especially near the mouth of this river (cross-section 14).  
Within and immediately downstream of the confluence (cross-sections 3 to 7), maximum 
depths of scour fluctuate somewhat between the measurement campaigns and the location of the 
maximum depth of scour shifts markedly (Figure 5).  Depths of scour progressively increase 
downstream on all dates, with the deepest part of the scour hole located at the downstream end of 
the confluence (cross-sections 6 and 7).  Bed elevations within the zone of maximum scour 
increased by about 1.5 to 2 m between the 20 April 2006 and the 23 May 2006 events, indicating 
net deposition during this period.  By contrast, bed elevations are similar for the 23 May 2006 
and 11 January 2008 events.  The period of high flow from January to July 2008 resulted in net 
scour and a decrease of bed elevations of about 2 to 2.5 m.   
        The deepest part of the scour hole migrates laterally as much as 40 meters between events. 
In April 2006, the scour hole extended from the upstream junction corner toward the center of 
the Wabash River downstream. This alignment of the scour hole normally reflects flows of 
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nearly equal strength entering a confluence [Best, 1988]. Although the Qr and Mr on this date 
were only 0.34, the plot of Qr indicates that this value exceeded 0.6 immediately prior to the 
measurement campaign.  In May 2006, the alignment of the scour hole remained similar to that 
in April, but the Mr was only 0.01 on this date.  In other words, the momentum of the Embarras 
River was 100 times less than that of the Wabash River.  Although the dominance of the Wabash 
River did not realign the orientation of the scour hole, substantial infilling of this feature 
occurred, reflecting disequilibrium between flow conditions and bed morphology.  The 11 
January 2008 bathymetric map shows that the scour hole is located along the right bank, toward 
the mouth of the Embarras River.  This alignment is typical of conditions where the main river 
flow is dominant compared to that of the lateral tributary. At this time, the point bar on the left 
bank of the Wabash River exhibited its greatest lateral extent. The configuration of the bed 
postdates a period of low flow on both rivers, but one where flow on the Wabash River greatly 
exceeded that of the Embarras River (Figure 3). Between August 2007 and December 2007, the 
average Qr was 0.03, and the average Fd was 0.005, indicating that the ER was essentially 
stagnant upstream of the confluence.  This third measurement campaign captured the 
bathymetric conditions that followed a prolonged period of low Qr and Fd.  Total discharge and 
Qr increased through late winter into early spring with six bankfull events occurring on the ER.  
These events had values of Qr between 0.25 and 0.41 and corresponding Fd values between 0.33 
and 1.38. The increase in these ratios indicates that flow from the ER was capable of penetrating 
farther into the WR than in late 2007. As a result, the center of the scour hole moved 14 meters 
toward the left bank of the WR. The increase in discharge between 11 January and 23 April 2009 
likely initiated increases in the width, length, and depth of the scour hole during this period.   
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Discharge ratios and flow dominance ratios continued to increase from 23 April through 14 
July, with another five events on the ER that equaled or exceeded bankfull stage and had Qr 
values ranging from 0.26 to 2.04, and Fd values of 0.22 to 10.84. Near-record precipitation 
amounts were received in the ER basin from 6 June to 8 June, between 250 and 400 millimeters 
of rain were recorded for the period at stations within the basin. Record crests were recorded on 
the ER at Ste. Marie, Illinois and at Lawrenceville. Many levees were topped or failed and major 
flooding conditions persisted through June. On 10 June the discharge of the ER peaked at 1022 
m3s-1, prior to peak flow on the WR, leading to a Qr of 2.04 and a Fd of 10.84.  The Wabash 
River peaked a few days later at a discharge in excess of 3,000 m3 s-1.   As a result of this 
extreme flood event, the bed morphology throughout the CHZ underwent major change. The 
scour hole was displaced farther into the WR by approximately 10 meters, and this shift in 
position of maximum scour depth eroded the point bar on the left bank of the WR.  The scour 
hole expanded not only upstream, but also downstream.  Bed elevations downstream of the 
confluence (cross-sections 8-12) decreased by an average of 1.1 meters between 23 April and 14 
July 2008.  
 
4.3 Depth -- Averaged Velocity 
 
The patterns of depth-averaged velocity illustrate the influence of changing Mr on 
patterns of flow through the confluence (Figure 6).  When Mr is relatively high (0.34 -20 April 
2006, 0.31 -14 July 2008, and 0.25 – 11 January 2008), flow from the ER penetrates farther into 
the confluence, disrupting the gently curving pattern of flow vectors in the WR, than when Mr is 
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low (0.01 - 23 May 2006 and 0.05 - 23 April 2008, respectively). At high Mr, vectors on the right 
side of the confluence in the WR are deflected away from the mouth of the ER toward the left 
bank (cross-sections 4-6).  Strong penetration of the ER flow into the WR produces a region of 
reduced velocities in both rivers near the upstream junction corner (cross-sections 2,3, 14) that 
extends upstream along the right bank of the WR (cross-section 1). A thread of high velocity 
fluid from the ER moves around the downstream junction corner into the WR (cross-sections 5, 6 
and 14).    A clear division between high velocity flow from the ER and the highest velocities of 
the WR is evident with low intervening velocities marking the shear layer, or mixing interface, 
between the confluent flows. As the ER flow passes the downstream junction corner, local flow 
separation occurs and a recirculating eddy is observed near the right bank in cross-section 7. 
Downstream of the confluence (cross-sections 8-11), flow generally accelerates as the high-
velocity fluid from the ER joins the flow from the WR.  This pattern of flow acceleration from 
upstream to downstream on the WR is quite pronounced for the 20 April 2006 event and differs 
from the pattern at low Mr when maximum depth-averaged velocities remain fairly constant, or 
decrease slightly, from upstream to downstream through the confluence. At low Mr, velocity at 
the mouth of the ER is impeded by the backwater effect of the highly dominant WR; velocity 
vectors are uniformly small across the mouth of the ER (cross-section 14). The vectors near the 
right side of WR within the confluence (cross-sections 4, 6, and 7) show only slight deflection 
toward the left bank as a result of the low-velocity ER flow penetrating the WR. A reduction in 
velocities along the right bank of the WR upstream of the confluence is  not evident.  The cross 
channel pattern of vectors downstream of the confluence (cross-sections 7-12) is essentially 
uniform, indicating little effect of the weak ER flow on the velocity field. 
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4.4 Patterns of Three Dimensional Velocity 
 
   Plots of streamwise velocities (Figure 6) indicate that upstream of the confluence on the 
WR (cross-sections 1 and 2) the zone of highest velocities on each measurement date is 
positioned at the water surface toward the left bank.  The lowest velocities occur along the right 
bank, and the deficit in streamwise velocities near this bank, is most pronounced on the dates 
with the largest momentum flux ratios (20 April 2006, 11 January 2008, and 14 July 2008).  
Upstream of the confluence on the ER (cross-sections 13 and 14), the pattern of streamwise 
velocity changes from fairly symmetrical, with the zone of highest velocities in the center of the 
channel at the surface (cross-section 13), to asymmetrical, with the zone of highest streamwise 
velocities shifted toward the right bank (cross-section 14). Thus, the cores of high velocity of the 
two incoming flows are shifted toward opposite banks. Deficits in streamwise velocity near the 
left bank in the ER are most pronounced on the measurement dates with the largest values of Mr.   
Velocity data upstream of the confluence for the two rivers also clearly illustrate differences in 
the magnitudes of the streamwise velocities among the measurement dates, especially the 
relatively small velocities in the ER on 23 May 2006 and 23 April 2008 – the two dates with the 
smallest values of Mr (Table 2).  On these two dates, flow in the ER is strongly influenced by 
backwater effects from the WR.  
 The pattern of flow within the confluence for all dates is illustrated by the streamwise 
velocity plots for cross-section 4.  Cross-sections 3 and 5 were added in 2008 to obtain more 
details of the confluence hydrodynamics.  On dates with relatively high momentum ratios (20 
April 2006, 11 January 2008, and 14 July 2008), when the velocities of the WR and ER are 
similar, flow within the confluence is characterized by a region of velocity deficit flanked by the 
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high velocity cores representing incoming flow from the WR (left side of deficit region) and ER 
(right side of deficit region).  On dates with relatively low Mr (23 May 2006, 23 April 2008), 
when flow in the ER is influenced by backwater and velocities are low relative to those in the 
WR – a region of momentum deficit does not exist and instead the boundary between the two 
flows is delineated by a strong gradient in streamwise velocities.  In all cases, the interface 
between the two flows is shifted close to the mouth of the ER, indicating the clear dominance of 
flow from the WR.   The highest velocities on the WR side of the confluence are found near the 
surface, but on the three dates with relatively large momentum ratios, the highest velocities on 
the ER side of the confluence are found near the bed, indicating that the high-velocity core of 
flow from the ER into the confluence is submerged well below the surface. 
   Immediately downstream of the confluence (cross-sections 6 and 7), the zone of velocity 
deficit marking the boundary between the confluent flows diminishes as the two high-velocity 
cores merge over the deep zone of scour. The lowest velocities occur near the right bank, where 
a second region of momentum deficit occurs. On dates when velocities in the ER are small (23 
May 2006, 23 April 2008), this region of momentum deficit appears to be the downstream 
extension of ER flow, which stays close to the right bank of the WR.  On dates when velocities 
in the ER are relatively large and momentum flux ratios are also relatively high (20 April 2006, 
11 January 2008, and 14 July 2008), the development of a region of momentum deficit along the 
right bank appears to reflect outward movement of flow streamlines from the ER into the WR, 
leading to an increase in the size of the momentum-deficit region in the downstream direction.     
Farther downstream of the confluence (cross-sections 8-12), a single core of high streamwise 
velocity exists within the center of the channel near the water surface. A region of velocity 
deficit is still evident along the right bank, which constitutes the outer bank of a gentle curve in 
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the WR.  On the three most recent dates, a velocity deficit is also apparent near the bottom of the 
zone of scour near the right bank at cross-section 10.  The cause of this velocity deficit is 
unknown but may be related to increased bed friction locally caused by a submerged natural 
obstacle on the bed of the river, such as the embedded trunk of a large tree.   
The pattern of transverse, or cross-stream, velocities relative to the orientation of the 
cross sections within the WR shows the strong convergence of flow within the confluence.  
Transverse velocities at the mouth of the ER on the right side of the confluence (cross-sections 3-
5) are strongly positive, indicating flow toward the left bank of the confluence.  By contrast, flow 
on the left side of the confluence is negative, indicating flow toward the right bank. The 
transition between positive and negative transverse velocities is abrupt and corresponds closely 
to the zone of streamwise momentum deficit, or strong gradient in streamwise velocity, within 
the confluence (Figure 8). This transition marks the mixing interface or shear layer between the 
two flows. Downstream of the confluence (cross-sections 6-8) the pattern of flow convergence 
diminishes as transverse velocities on the right side of the channel decrease substantially.   This 
decrease in transverse velocities indicates that flow from the ER has become aligned with the 
direction of the downstream channel and no longer has a strong cross-stream component.  
Patches of positive transverse velocities are evident over the face of the bar on the left side of the 
WR within the confluence and downstream, suggesting that near-bed flow is oriented toward the 
left bank in this mildly curving channel.  
To better resolve details of the flow structure, transverse velocity components in the 
Rozovskii frame of reference (Vs) were derived from VMT.  The Rozovskii method represents 
lateral velocity components of the flow at each point in a vertical directed orthogonal to the 
orientation of the depth-averaged vector at that vertical or ensemble (Figure 9). This frame of 
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reference is effective at depicting flow structure at confluences where details of this structure can 
be obscured by strongly converging streamlines [Rhoads and Kenworthy, 1995; Rhoads and 
Kenworthy, 1999; Riley and Rhoads, 2012; Riley et al., 2015].   This representation of the data 
clearly shows that upstream of the confluence on the WR (cross-sections 1 and 2), flow is 
directed to the right at the surface (negative Vs) and to the left at the bed (positive Vs).  This 
pattern of Vs is suggestive of the development of large-scale helical motion over the central part 
of the river as the channel begins to curve as it approaches the confluence (Figure 1). Indeed, the 
pattern of positive Vs at the bed and negative Vs near the surface becomes more marked as the 
flow approaches the confluence (cross-section 1 to 2).  Within the confluence a clear pattern 
emerges on all measurement dates.  Over the left side of the confluence, values of Vs near the 
surface are negative, whereas near the bed these values are positive.  By contrast, over the right 
side of the confluence, near the mouth of the ER, values of Vs near the surface are positive, and 
values of Vs near the bed are negative.  The transition between these two patterns is abrupt and 
centered on the region of streamwise momentum deficit, or of strong gradient in streamwise 
velocity within the confluence (Figure 7).  This pattern suggests that two cells of helical motion 
with opposite senses of rotation develop within the converging flows – a large clockwise-rotating 
cell within the Wabash River and a smaller counter-clockwise rotating cell within flow from the 
ER.    Immediately downstream of the confluence (cross-section 6), the dual-cell pattern 
intensifies before it begins to dissipate (cross-sections 7-9).  Farther downstream (cross-sections 
10-12), coherence in the pattern of Vs becomes less distinct, but generally values of Vs near the 
surface are negative and values near the bed are positive – a pattern consistent with large-scale 
helical motion associated with channel curvature.    
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Plots of vertical velocities show that the boundary between the two flows, delineated by 
either a streamwise momentum deficit or a strong lateral gradient in streamwise velocity, is 
characterized by negative values of vertical velocity within and immediately downstream of the 
confluence (Figure 10).  The large negative velocities indicate that strong downwelling occurs 
along this boundary. The region of strong downwelling generally coincides with the zone of 
pronounced scour within the confluence.  The rapid increase in channel depth associated with 
this scour probably contributes to downward motion of the flow, but upwelling also occurs along 
the flanks of the scour hole or, on some dates, even within the deepest portions of this feature, 
suggesting that the increase in depth alone is not responsible for downwelling of fluid. Strong 
downward motion can also be explained in part by the development of twin surface-convergent 
helical cells, both of which advect fluid downward toward the bed along the interface between 
these cells.   
A depiction of the three-dimensional pattern of fluid motion immediately downstream of the 
confluence (cross-section 6) for the five measured events shows how the pattern of secondary 
flow results in convergence of flow near the surface (secondary vectors oriented toward one 
another), downwelling along the shear layer between the converging flows, and movement of 
fluid laterally toward the opposing sides of the confluence near the bed (Figure 11).   This 
detailed depiction of the secondary flow also confirms that the zone of strongest downwelling is 
not necessarily located over the scour hole, unless the shear layer, which is controlled by Mr, 
happens to be located at this position.  Upward motion of the flow along the flanks of the scour 
hole results from diverging flow along the bed encountering the sides slopes of the scour hole, 
where topographic forcing directs the diverging flow upward.    
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4.5 Patterns of Backscatter Intensity 
 
Backscatter intensity (BSI) values from the ADCP acoustic signals are a surrogate 
indicator of the extent of mixing using particulate concentration.  Increases in backscatter 
intensity are indicative of increases in the concentration of particles in the water column. Precise 
estimates of suspended sediment concentrations require calibration of the backscatter intensity 
values against measured concentrations values obtained from samples of suspended sediment 
(Latosinski et al., 2014).  No samples of suspended sediment were collected in this study to 
perform such a calibration.  Nevertheless, past work has shown that the use of the backscatter 
intensity signal of ADCPs is a useful method for characterizing spatial patterns of suspended 
sediment within confluences [Zinger et al., 2013; Konsoer and Rhoads, 2014].  Plots of the BSI 
data reveal interesting patterns that, while only a proxy for concentration data, complement the 
three-dimensional velocity data at this site.  
For each of the five measurement campaigns, two contour plots of BSI values were 
created in ArcMap based on interpolation of cross-sectional and longitudinal transect data using 
ordinary Kriging. One contour plot was generated for BSI values at two to four meters below the 
water surface, whereas the other plot shows contours of BSI values for two meters above the 
river bed (Figure 12).  In addition, VMT was used to produce contour plots of average BSI 
values at each cross section (Figure 13).  
BSI contours for the two low Mr events (Figure 12: (A) 23 May 2006, (D) 23 April 2008) 
show that in the ER the intensity of particulate concentration is less than in the WR.  Backwater 
effects from the WR that slow the flow from the ER upstream of the confluence likely limits 
suspension of particles.  The contrast in BSI between the two rivers is especially pronounced on 
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23 May 2006 when the discharge in the WR was nearly 20 times the discharge of the ER. On this 
date, the BSI for the ER was about 20 dB lower than that for the WR. The contrast is less distinct 
on 23 April 2008 when the discharge of the WR is about 10 times greater than that of the ER.  
On both of these dates the BSI values within the Wabash River are highest toward the left bank 
and lowest toward the right bank.  Low values of BSI along the right bank may in part reflect 
low-concentration flow from the ER being confined to the right bank of the WR at, and 
downstream of, the confluence; however the amount of incoming flow from the ER is small 
relative to flow in the WR.  The relatively low BSI values along the right bank are probably best 
explained by relatively high values of BSI toward the left bank of the WR, which is indicative of 
high concentrations of suspended sediment over the face of the bar at this location.  The highest 
streamwise velocities in the WR are located over the face of this bar on both dates (Figure 6).  
Within the confluence, BSI intensities are especially low near the bed toward the mouth of the 
ER, indicating that particulate concentrations are relatively low within the region of scour at this 
location.  On 23 May 2006 (Figure 12 (B) right side), the reduction in BSI two meters above the 
bed within the confluence near the mouth of the ER is suggestive of low BSI water from the ER 
penetrating into the WR near the bed, causing minor deflection of the high BSI WR flow.    
Cross-sectional patterns of BSI for the two low Mr events show that BSI values along the 
right bank of the WR upstream of the confluence are generally low relative to values in the rest 
of the cross section, indicating that the highest concentrations of suspended material occur 
toward the left bank.  On 23 May 2006, a distinct boundary exists within the confluence between 
the sediment-laden WR and the relatively clear ER.  This boundary remains vertical and extends 
into the base of the scour hole within and immediately downstream of the confluence.   On 23 
April 2008 the zone of low BSI along the right bank upstream of the confluence is quite 
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pronounced, especially near the bed within the deepest part of the channel (Figure 12 (D) right 
side). This zone of low BSI merges within the confluence with low-BSI flow from the ER.  As a 
result, BSI values near the bed within the scour hole are quite low.  Although the pattern is 
suggestive of the ER flow possibly moving beneath the WR flow, such an interpretation may be 
misleading given that the scour hole is a zone of low BSI for all five events. The plots for both 
dates, but especially for 23 May 2006, also illustrate the high values of BSI over the face of the 
bar along the left bank of the WR.  
The spatial pattern of BSI is similar for the three events with relative high Mr (20 April 
2006, 11 January 2008, 14 July 2008). BSI values are highest near the banks and reach a 
minimum within the confluence within the scour hole (Figure 12). Cross-sectional plots of BSI 
within, and immediately downstream of, the confluence (cross-sections 3-7) clearly reveal high 
BSI values on each side of the WR and low values between these zones of high BSI (Figure 13). 
This pattern strongly suggests that water and sediment entering the confluence from the ER is 
abruptly deflected toward the downstream direction of the WR channel, and that suspended 
sediment from this tributary is confined to the right bank of the river within the CHZ.  
Conversely, the main path of suspended sediment transport within the WR is along the face of 
the bar on the left side of the channel.  Between these two zones of transport is a zone of 
relatively low sediment concentration over the scour hole and along the mixing interface/shear 
layer between the two confluent flows.  
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4.6 Patterns of Near Surface Temperature Distribution 
 
The contrast in the temperatures between the two flows on each date (Figure 14) is 
distinct, and provides a clear method of delineating the mixing interface at the surface. 
Temperature variations between the tributaries are related to hydrological conditions (Figure 3). 
During the measured events, the ER is warmer than the WR during falling stages on the ER and 
flow at or near peak discharge on the WR, whereas the WR is warmer than the ER during rising 
stages on the WR and flow close to peak discharge on the ER.   
The position of the mixing interface, defined on the basis of contrasts in temperature, 
corresponds closely to the position of the shear layer, defined on the basis of strong gradients in 
streamwise velocity or convergence of cross-stream velocities, within the confluence. Change in 
the position of this interface clearly corresponds to changes in momentum flux ratio. For low Mr 
events (23 May 2006, 23 April 2008) (Figure 14 b, d), penetration of the warmer ER water into 
the confluence is limited by the more dominant flow of the WR. Thus, the mixing interface is 
located close to the right bank near the mouth of the ER during these events.  For the 23 May 
2006 event, which had an Mr of 0.01, the temperature contrast between the flows dissipates a 
short distance downstream of the confluence, whereas for the 23 April 2008 event, which had an 
Mr of 0.05, a discontinuous plume of warm water extends downstream along the right bank of 
the Wabash River.  For relatively high Mr events (20 April 2006, 11 January 2008, 14 July 
2008), the mixing interface is shifted toward the center of the confluence.  The scalloped shape 
of the mixing interface is also evident – a characteristic associated with the development of 
coherent turbulent structures within this interface. For these three events, the flows clearly have 
not mixed at the surface at the downstream extent of the study reach.  
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5. DISCUSSION 
 
The results of this study provide insight into the dynamics of high-angle asymmetrical 
confluences in large rivers by documenting in detail flow structure, changes in channel 
morphology, and the mixing of the two flows over different incoming hydrological conditions, 
specifically momentum flux ratio.  This study is one of the first to document geomorphic change 
at a large river confluence, defined here as a confluence that is not wadeable at low flow, over 
the course of several events.  Results both support findings of previous work at experimental and 
small stream confluences, yet also reveal some differences with findings of previous work 
focusing on large river confluences.  
     Morphologically, the most prominent bathymetric feature at the confluence of the 
Embarras and Wabash Rivers is a large, persistent scour hole – a feature typical of many high-
angle asymmetrical confluences [Best, 1987; Rhoads and Kenworthy, 1995; Best and Rhoads, 
2008].   This scour hole tends to maintain a depth (Ds) of about 5 m below the bed of the WR 
upstream and 7 m below the bed of the ER upstream.  Given the bankfull depths of the ER (Dber) 
and WR (Dbwr) upstream of the confluence, the relative depth of scour [Dsr= Ds/(Dber + Dbwr)/2]) 
at this confluence  is about one.  This value is rather low compared to values of Dsr for other 
confluences with junction angles of about 90o, which typically vary from about one to as high as 
eight [Best and Rhoads, 2008].    The relative depth of scour at the ER-WR confluence is 
consistent with pronounced scour at the confluence of the Wabash River and Ohio River (OR), 
which also has a junction angle of about 90o [Zinger, 2011; Riley et al. 2015].  Scour at the WR-
OR confluence, a confluent meander bend, occurs mainly in relation to the WR because 
upstream of the confluence on the OR scour is initiated by strong curvature of the OR channel.  
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Relative to the bankfull depth of the WR, the value of Dsr at the WR-OR confluence is slightly 
greater than one. At the confluence of the Vermilion River and Wabash River (VR-WR), which 
is also a confluent meander bend with a junction angle of 34o, relative scour depth is difficult to 
determine in the conventional manner because the zone of maximum scour occurs immediately 
upstream of the confluence on the WR where the channel of this river curves markedly [Riley et 
al., 2015].  In other words, the bed elevation within the confluence is actually higher than the 
upstream bed elevation of the WR.  Relative to the Vermilion River, which has a bankfull depth 
of about 6 m, the depth of scour is about 1 m.  Thus, the relative depth of scour at the VR-WR 
confluence, when measured in relation to the tributary bankfull depth, is much less than one – a 
value that again lies well below the range of values reported in previous work for a junction 
angle of about 34o [Best and Rhoads, 2008].  Overall, the results of this study, and those from 
past work, indicate that although scour depths at confluences along the Wabash River increase 
with junction angle as expected, values of Dsr are small relative to values reported previously in 
the literature [Best and Rhoads, 2008].  Most existing data on scour are derived from laboratory 
or small stream confluences, rather than large rivers.  The extent to which these findings are 
specific to the Wabash River system or reflect a general tendency for large river confluences 
cannot be discerned from the data at hand and requires further investigation.  
  Although Rhoads [2005] hypothesized that the dynamic change in bed morphology at large 
river confluences may not be as pronounced as that at stream confluences, the results of this 
study also show that the orientation and position of the scour hole are responsive to changes in 
the momentum flux ratio of the incoming flows, and that the size of the scour hole varies with 
the magnitude of antecedent events.   Over the course of this study, the deepest part of the scour 
hole migrated laterally up to 40 meters away from, and toward, the mouth of the ER as 
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momentum flux increased or decreased.  This movement of the scour hole toward and away from 
the mouth of the tributary channel as momentum ratio increases and decreases is consistent with 
results from both experimental studies [Best, 1988] and field investigations of small stream 
confluences [e.g. Rhoads et al., 2009].  Alignment of the scour hole is somewhat responsive to 
changes in Mr, but overall does not exhibit the pronounced changes in alignment evidence in 
experimental or small stream confluences [Best, 1988; Rhoads et al., 2009].  The persistent 
dominance of flow conditions by the WR at the confluence limits the extent to which the scour 
hole shifts its alignment; most of the time it is oriented along an axis that extends predominantly 
downstream along the right bank of the confluence, rather than extending toward the center of 
the confluence – an alignment that is typical of conditions that develop for momentum ratios 
close to one [Best et al., 1998; Rhoads et al., 2009].   The size of the scour hole expanded 
markedly toward the latter part of the study period when sustained high flows, including an 
exceptional flood on the ER that produced an extraordinarily high Fd, occurred on the river.  
During this period the scour hole within the center of the confluence increased in depth by about 
30-40% and doubled in area as the center of the zone of scour shifted laterally toward the WR in 
response to relatively high momentum flow emanating from the ER.  The morphological effects 
of this period of high flow were not confined to the immediately vicinity of the confluence; scour 
of the bed occurred well downstream of the confluence.  Thus, the cause of scour appears to be a 
general increase in the transport capacity of the river, resulting in excavation of sediment from 
the bed of the WR and flushing of this excavated sediment downstream, rather than specific 
hydrodynamic conditions within the CHZ.  
Besides the zone of scour, the other major morphological feature at this confluence is the 
development of a bar along the left bank of the WR.  This relatively elevated part of the channel 
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bed appears to be the product of deposition along the inner bank of the WR induced by slight 
channel curvature at, and downstream of, the confluence.  No prominent bar was observed along 
the right bank below the downstream junction corner – a common location for bar development 
at confluences [Best and Rhoads, 2008].  Although low velocities and even recirculating flow 
was documented locally in this region, deposition at this location is probably impeded by 
confinement of flow from the ER along this bank by the dominant WR for most flow events.  
This dominance by the WR constrains penetration of flow from the ER into the confluence, 
thereby limiting deposition that might otherwise result from persistent, large-scale flow 
separation or a streamwise reduction in transport capacity along the right bank.   
The question can also be raised about the extent to which this confluence is concordant or 
discordant.  The answer to this question is complicated by the development of the scour hole, 
which occurs where the beds of the upstream channels meet within the confluence.  Thus, the 
confluence is not discordant in the classic sense that the bed of the tributary is perched above the 
bed of the main channel and descends down a step, or steep slope, that terminates at the uniform 
bed elevation of the main channel [Biron et al., 1996 b; Boyer et al., 2006; Biron et al., 2008; 
Leite Robeiro et al, 2012].  Nevertheless, the elevation of the bed of the ER upstream of the 
confluence is about 1-2 m higher than the bed of the WR, and the slope of the bed at the mouth 
of the ER is much steeper than the slope of the bed of the WR as it enters the confluence. 
Discordance, however, is not just a morphological issue, but also a hydrodynamic one.  Past 
work has focused on how transitional bed slopes at the tributary mouth affect the dynamics of 
flow entering the confluence from the tributary [Best and Roy, 1991; Biron et al., 1996 a, b; 
Bradbrook et al., 2001].  In particular, strong discordance often produces separation of flow from 
the bed that produces complex patterns of fluid motion and turbulence within the confluence.  
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Thus, discordance has as much, if not more, to do with how the bed configuration affects flow 
dynamics as it does with the configuration of the bed itself.  In this study, no strong effects of 
differences in bed elevation of the two rivers on flow structure were apparent within the 
confluence – an issue discussed in more detail below.   
   Flow structure at this asymmetrical large river confluence is revealed clearly by both 2D 
depth-averaged velocity patterns and the patterns of time-averaged 3D velocities.  The 
characteristics of this flow structure include: 1) a region of velocity deficit near the upstream 
junction corner, 2) strong lateral velocity gradients or a region of velocity deficits that demarcate 
the shear layer between the two flows, 3) strong convergence of the two flows along the shear 
layer, 4) the development of dual counter-rotating helical cells flanking the shear layer with 
associated downwelling of flow along this layer,  5) local separation of flow along the right bank 
below the downstream junction corner;  and 6) acceleration of flow at the downstream end of the 
CHZ.  This suite of characteristics is generally consistent with past work on small concordant 
confluences, but differs somewhat from past studies of large river confluences.    
The reduced velocities near the upstream junction corner are consistent with the development 
of a region of velocity deficit at this location documented in previous studies [Best 1987; De 
Serres et al. 1999; Sukhodolov and Rhoads, 2001; Szupiany et al. 2006; Riley and Rhoads, 2012; 
Zinger et al. 2013; Konsoer and Rhoads, 2014; Riley et al. 2015].  The development of this 
velocity-deficit region has been attributed to the stalling of flow as it encounters an adverse 
pressure gradient produced by super-elevation of the water surface in this part of the confluence 
[Weerakoon et al., 1991].  Complete stagnation in the form of recirculating flow was not 
documented in in this study; instead, velocities in this region are small relative to those in 
adjacent portions of the flow.  Thus, superelevation of the water surface and the associated 
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adverse pressure gradient apparently are not great enough to completely arrest the flow.  Relative 
reductions in velocity near the upstream junction corner are most pronounced for high Mr events, 
especially in the ER where strong gradients in streamwise velocities develop across the mouth of 
this tributary. The WR, being much wider than the ER, is less affected by the adverse pressure 
gradient in the sense that the lateral gradient of streamwise velocities is confined to the region 
close to the upstream junction corner.  Nevertheless, the effect does extend upstream, producing 
reduced velocities along the right bank of the Wabash River upstream of the confluence.  Cross-
stream gradients in water surface elevation steer the incoming flows away from the upstream 
junction corner and, in the case of flow from the ER, lead to turning of flow streamlines toward 
the direction of the downstream river channel.   
  The location of the shear layer within the confluence is clearly evident from the strong 
gradient in streamwise velocity between the two confluent flows (Figure 7). The shear layer is 
also the locus of lateral flow convergence as indicated by the pattern of cross-stream velocities 
(Figure 8).  Strong lateral gradients in streamwise velocity within the shear layer give rise to 
shear-induced turbulent structures that rotate around vertical axes and are advected downstream 
by the mean flow [Konsoer and Rhoads, 2014].   Detailed analysis of the characteristics of these 
coherent turbulent structures was not possible using the time-averaged velocity data collected in 
this study, but such structures were clearly visible in the field on the basis of contrasts in 
turbidity and can be seen on aerial images of the confluence (Figure 15). 
  Large-scale flow separation at the downstream junction corner, a phenomenon documented 
in small laboratory junctions [Best, 1987] and at small stream confluences [Rhoads and 
Kenworthy, 1995], did not occur during any of the flow events measured in this study.  Locally, 
recirculating flow was documented in this region on 20 April 2006 (right side of cross-section 7), 
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on 11 January 2008 (right side of cross-section 7), and on 14 July 2008 (right sides of cross-
sections 6 and 7), events with relatively high Mr (Figures 6 and 7).  On the other two dates, the 
momentum of the ER was insufficient for flow streamlines to penetrate far into the WR.  
Nevertheless, even on these dates, reduced velocities were observed locally near the downstream 
junction corner in this region.   
Development of strong secondary flow patterns are evident at the WR – ER confluence. In 
particular, flow within the CHZ is characterized by dual helical cells with opposing senses of 
rotation flanking the shear layer.  The structure of these cells are clearly revealed by analysis of 
the velocity data using the Rozovskii frame of reference (Figure 9), which is particularly useful 
for identifying helical motion in strongly converging or diverging flows [Rhoads and Kenworthy, 
1999].  This analysis shows that near the surface streamlines on each side of the shear layer are 
oriented toward this layer, whereas near the bed streamlines on each side of the shear layer are 
oriented away from this layer.  Moreover, patterns of vertical velocities (Figure 10) confirm that 
flow descends into scour hole the along the shear layer and moves upward away from the bed as 
near-bed streamlines diverge from the shear layer and extend up the flanks of the scour hole.  
Vector depictions of these secondary flow patterns confirm that surface-convergence and twin 
counter rotating helical velocity cells exist within the CHZ of the WR – ER confluence (Figure 
11).  This pattern begins to develop within the center of the CHZ (cross-section 4), reaches full 
expression where the confluent flows enter the downstream channel (cross-section 6) and then 
dissipates downstream (cross-sections 7-11).  
 The pattern of surface-convergent helical cells within the CHZ has been identified in 
previous experimental and field work in symmetrical confluences [Mosley, 1976; Ashmore et al. 
1992] and field studies at small asymmetrical confluences [Rhoads and Kenworthy, 1995, 1998; 
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Rhoads, 1996; Rhoads and Sukhodolov, 2001].  This pattern has typically been attributed to 
curvature of flow streamlines within the CHZ, which results in the production of helical motion 
through local imbalances over depth between the resulting centrifugal and pressure-gradient 
forces. Previous work at large river confluences has indicated that helical cells may be more 
restricted in spatial extent than in small confluences [Szupiany et al, 2009] or do not develop at 
all [Parsons et al., 2007, 2008].  In both cases, the lack of development of large-scale helical 
motion has been attributed to bed roughness effects that disrupt mechanisms required to generate 
and sustain this motion.  The results of this study suggest that such effects are not sufficient to 
disrupt the development of large-scale helical motion at the ER-WR confluence.   These findings 
are consistent with patterns of flow observed at two confluent meander meanders along the WR, 
where dual counter-rotating helical cells flanking the shear layer have been attributed to 
streamline curvature as the two confluent flows mutually deflect one another [Riley et al., 2015].  
In the case of confluent meander bends, helical motion within the confluence can be inherited 
from the effects of strong channel curvature upstream of the confluence.    By contrast, patterns 
of velocity data for the ER-WR confluence indicate that no helical motion develops in the 
relatively straight channels upstream of this confluence.  Nevertheless, the development of 
helical motion in flow from the WR within and downstream of the confluence is probably 
reinforced by mild curvature of the Wabash River.   
The development of helical motion at confluences can also be influenced by pressure-
gradient effects induced by rapid increases in depth due either to bed discordance or to deep 
scour [Best and Roy, 1991; McLelland et al., 1996].  As incoming flow encounters a strong 
adverse pressure gradient, a region of momentum deficit may develop near the bed.  If the 
pressure gradient is exceptionally strong, the flow can separate from the bed, producing a region 
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of flow recirculation. In the absence of separation, the deficit will locally influence the imbalance 
between the centrifugal and pressure-gradient forces, thereby affecting the orientation of flow 
streamlines over depth.  No clear evidence of such pressure-gradient effects is apparent in the 
velocity data for the ER-WR confluence. As flows from the ER and WR enter the confluence 
and move into the region of deep scour (cross-sections 3-5), no obvious velocity deficits can be 
discerned near the bed (Figures 7 and 9).  Limitations of ADCP measurements include a six 
percent of the depth blanking distance near the bed to account for side-lobe interference created 
by the angle of the transducer beams. Although the channel of the ER is oriented nearly 
perpendicular to the alignment of the scour hole, patterns of depth-averaged velocities (Figure 6) 
indicate that flow entering the scour hole is oriented nearly parallel to the alignment of this 
topographic feature.  Thus, even though the side of the scour hole toward the ER has a gradient 
of 8.5 to 13% (5 to 7.5 degrees), the gradient in bed topography along flow streamlines, which 
tend to roughly parallel bed contours, is much less than these values.  Thus, pressure-gradient 
effects do not appear to be a major factor contributing to the development of helical motion at 
this confluence. 
Flow acceleration at confluences typically is associated with reductions in cross-sectional 
area of the flow within or downstream of the confluence.  If the area of the downstream channel 
is the same as the upstream channels, a typical experimental configuration, flow entering the 
confluence must accelerate to maintain continuity. Flow separation near the downstream junction 
corner will enhance this effect by further reducing the cross-sectional area of the flow [Best, 
1987]. Flow acceleration at the ER-WR occurs consistently downstream of the confluence 
(cross-sections 8-12), but is especially pronounced for measurement dates with high values of Mr 
when the discharge in the ER is relatively large. This acceleration reflects a reduction in cross-
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sectional area and is consistent with downstream acceleration of flow observed at other large 
river confluences [Parsons et al., 2007, 2008; Szupiany et al., 2009, 2012; Riley et al. 2015].  
     The mixing of the flows is revealed at the surface by patterns of temperature data from the 
ADCP and over depth by backscatter intensity (BSI).  Results are consistent with recent studies 
of mixing at other confluences along the Wabash River using BSI and/or temperature data, 
which have indicated that little to no mixing takes place within the CHZ when the two rivers 
have sufficient momentum to penetrate into the confluence [Riley et al., 2015; Konsoer and 
Rhoads, 2014].   Temperature patterns clearly show that at the surface the mixing interface is 
aligned along the shear layer within the CHZ and that the location of this interface shifts outward 
into the confluence for high Mr and toward the mouth of the lateral tributary for low Mr.   Recent 
work on thermal mixing at small confluences has shown that subsurface patterns of mixing can 
be strongly influenced by secondary currents associated with helical motion [Rhoads and 
Sukhodolov, 2001; Lewis and Rhoads, 2015].  Given that helical motion of the flow is observed 
at the ER-WR confluence, subsurface patterns of thermal mixing may differ from surficial 
patterns.  Nevertheless, a clear distinction in BSI over depth between the two flows, with low 
BSI occurring along the shear layer/mixing interface between the flows and high values 
occurring on either side of this region, suggests that the flows remain segregated over the flow 
depth within the confluence.  For extremely low Mr, the Wabash River is dominant and the 
capacity of the ER to produce contrasting thermal conditions within the confluence is negligible, 
at least at the surface.  The BSI data for these conditions reveal some minor penetration of low 
concentration flow from the tributary into the confluence, but the contrast quickly dissipates over 
depth a short distance downstream of the confluence.  For relatively high Mr, both the 
temperature data (Figure 14) and aerial images of the mixing interface based on turbidity 
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contrasts (Figure 15) indicate that complete mixing of the confluent flows does not occur over 
the short distances (5-10 channel widths downstream of the confluence) documented at small 
confluences with strong helical motion [Lewis and Rhoads, 2015] or discordant beds [Gaudet 
and Roy, 1995].  The BSI data generally support the conclusion that the flow remains segregated 
well downstream of the confluence given that areas of relatively high BSI are separated by an 
intervening area of low BSI along the mixing interface.  The low values of BSI within the center 
of the zone of scour and high values of BSI along the flanks of the zone of scour also support the 
contention that corridors of sediment transport at river confluences generally occur along the 
flanks of the scour hole, rather than within the center of this feature [Best, 1988; Best and 
Rhoads, 2008].   
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6. CONCLUSIONS 
 
This research has contributed to the understanding of the hydrodynamics and 
morphodynamics of large river confluences by examining bed morphology and morphologic 
change, three-dimensional flow structure, and mixing at a large asymmetrical confluence.  
The development of a pronounced zone of scour within this confluence is consistent with 
past experimental and field work on high-angle, asymmetrical confluences (Best 1988; 
Rhoads and Kenworthy, 1995; Riley et al., 2015).   However, the depth of scour relative to 
the bankfull dimensions of the upstream channels is rather small compared to scour that has 
been documented in previous studies of experimental and small stream confluences.  The 
present study is one of the first to document dynamic change in the pattern of scour at a large 
river confluence and these results indicate that although the scour hole changes slightly in 
orientation, it generally has a longitudinal axis aligned downstream in the direction of the 
main river.  By contrast, the size of this scour hole and the position of maximum depth are 
both responsive to changes in momentum flux ratio.  Events with high Mr move the zone of 
maximum scour away from the mouth of the tributary, whereas low Mr flows result in a shift 
of the locus of maximum scour toward the tributary mouth.   Floods on the tributary with a 
high discharge ratio can excavate sediment both from the confluence and the downstream 
channel.  In contrast to experimental and small stream confluences, no prominent bar 
developed near the downstream junction corner.  This lack of bar development probably 
results from flow in the main river exceeding flow in the tributary most of the time, which 
limits flow separation near the downstream junction corner and allows the main river to 
readily transport sediment delivered to it by the tributary.  
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This study is also one of the first to clearly document the development of persistent large-
scale helical motion within a large river confluence.  Visualization of three-dimensional velocity 
patterns within the center of the confluence shows that this region is characterized by the 
development of back-to-back surface-convergent helical cells with opposing sense of rotation. 
The cells flank the shear layer between the two flows and advect fluid toward the shear layer at 
the surface and away from the shear layer near the bed. The spatial extent of the cells extends 
across nearly the entire width of the two confluent flows – in contrast to helical cells that extend 
only over part of the flows near the shear layer (Szupiany et al., 2007, 2012) or do not exist at all 
(Parsons et al., 2007).  Because the shear layer between the opposing helical cells is positioned 
over the scour hole, the cells also transport streamwise momentum toward the bed, which helps 
to maintain scour.  The cause of helical motion within flow from the tributary appears to be 
related to strong curvature of this flow as it becomes aligned with the direction of the 
downstream channel – the mechanism cited for the development of helical motion at small 
stream confluences (e.g. Rhoads and Kenworthy, 1995; Rhoads, 1996; Bradbrook et al., 1998; 
Bradbrook et al. 2000 a, b).  Helical motion within the main river probably results both from 
deflection of flow by the lateral tributary and from mild curvature of the main channel at and 
downstream of the confluence.  However, flow from the main river within the confluence does 
not exhibit structure inherited from upstream channel curvature as is the case at many confluent 
meander bends (Riley and Rhoads, 2012; Riley et al. 2015).   
Although a region of velocity deficit was identified at the upstream junction corner, velocity 
data in this part of the confluence were not detailed enough to determine whether true flow 
stagnation occurred.  Also, flow separation at the downstream junction corner, while evident, 
was limited in extent and therefore not documented in detail by the measurements obtained in 
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this study. Further work is needed to obtain information on these important regions of flow at 
large river confluences.  In particular, characteristics of the stagnation zone have been linked to 
the mode of production of vortices within the shear layer (Konsoer and Rhoads, 2014; 
Constantinescu et al., 2011).   
Backscatter data strongly suggest that descending flow within the scour hole results in a 
deficit of suspended sediment transport in this part of the confluence. Strong downwelling limits 
the potential for sediment to be lifted from the bed and suspended into the flow. Strong 
backscatter intensities near the bed indicate that sediment is routed around the flanks of the scour 
hole – a finding consistent with past experimental and field studies (Best, 1988; Rhoads, 1996).   
Surficial temperature data, along with the backscatter data, indicate that the two flows do not 
mix rapidly within the CHZ when flow in the lateral tributary is strong enough to penetrate into 
the main river. This finding is consistent with many other studies of mixing at confluences of 
large rivers (Mackay, 1970; Rathbun and Rostad, 2004; Bouchez et al., 2010; Campodonico et 
al., 2015; Park and Latrubesse, 2015), but is at odds with studies showing rapid mixing at small 
confluences (Gaudet and Roy, 1995; Kenworthy and Rhoads, 1995; Lewis and Rhoads, 2015).  
Advective processes associated with secondary flows caused either by discordant bed 
morphology or streamline curvature have been invoked to explain rapid mixing at small 
confluences; however, the confluence investigated herein exhibits well-developed helical flow, 
yet mixing is limited.   The reason for this difference in mixing at large versus small confluences 
in relation to advective processes related to helical motion on mixing has yet to be determined.  
Further work is needed to determine the mechanisms that promote or impede mixing within 
confluences.   
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7. TABLES 
Table 1. Number of transects surveyed per cross-section and the average measurement time (in seconds) 
per cross section for each event at the Embarras River – Wabash River Confluence 
 
Line Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Time (s) 
20-Apr-06 2 2 - 3 - 3 2 2 3 3 2 - 2 3 469 
23-May-06 4 4 - 4 - 4 4 4 4 4 4 2 5 4 755 
11-Jan-08 2 5 5 5 5 5 5 5 6 5 5 - 2 5 1015 
23-Apr-08 4 4 4 6 4 4 4 4 2 2 2 2 4 4 694 
14-Jul-08 5 6 6 6 5 6 5 6 5 5 5 5 5 6 921 
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Table 2. Hydraulic and statistical details of five event measurement campaigns at the 
Embarras River – Wabash River Confluence along the Illinois and Indiana border, USA. 
 
  20-Apr-06 23-May-06 11-Jan-08 23-Apr-08 14-Jul-08 
Discharge (m3/s)           
ER 286 50.1 263 50.9 207 
WR ab 838 905 924 462 729 
WR bl 1,124 955 1,187 513 936 
Velocity (m/s)           
ER 0.95 0.19 0.91 0.29 0.86 
WR ab 0.95 1.15 1.05 0.65 0.78 
WR bl 1.14 0.99 1.18 0.62 0.84 
Discharge Ratio 0.34 0.06 0.28 0.11 0.28 
Momentum Flux 
Ratio 0.34 0.01 0.25 0.05 0.31 
Flow Dominance 
Ratio 0.508 0.014 0.390 0.029 0.306 
Width/Depth           
WR ab 21.1 21.9 23.1 24.5 19.8 
WR bl 20.4 21.6 21.8 23.4 19.3 
ER 12.7 13.2 14.6 19 15.7 
Surface Elevation 
(m) 123.76 123.16 123.76 121.38 122.29 
Maximum Depth (m) 13.7 12.2 12.4 11.2 13.1 
Scour Slope           
ER 0.088 0.103 0.118 0.085 0.127 
WR 0.048 0.053 0.045 0.036 0.036 
Number of Transects 48 55 65 63 89 
Survey lines 11 12 13 14 14 
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8. FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Location of the Wabash River – Embarras River confluence along the Illinois and Indiana state line. The 
drainage basin above the confluence is shown on the left. The location and orientation of 14 planned survey lines are 
illustrated in the lower right.  
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Figure 2. Sediment sampling points within the Wabash River Embarras River Confluence and the sediment histograms for 
each sample with the grain diameter in Phi shown as a percentage by weight. Samples were taken on 23 May 2006. 
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Figure 3. Plots of the flow dominance ratio, discharge ratio, Wabash River Discharge 
(WRQ), and the Embarras River Discharge (ERQ) for the period from 1 October 2004 to 
31 January 2008. Vertical lines are the measurement campaign days with noted values.  
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Figure 4. Plan view bathymetric contour elevation plots of each measured event at the 
Wabash River—Embarras River confluence. Datum is at mean sea level NAVD 1988. 
  
 
 
 
 
 
 
 
20 April 2006 23 May 2006 11 January 2008 
23 April 2008 14 July 2008 
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Figure 5. Profiles of cross-section bathymetry for each planned line within the Wabash River – Embarras River 
confluence.  
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Figure 6. (A) 20 April 2006. Depth average velocity vectors for each cross-section line 
measured with each event campaign at the Wabash River – Embarras River confluence. 
The enlarged section in the confluence hydrodynamic zone (lines 2-8, 14).   
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Figure 6. (B) 23 May 2006. Depth average velocity vectors for each cross-section line 
measured with each event campaign at the Wabash River – Embarras River confluence. 
The enlarged section in the confluence hydrodynamic zone (lines 2-8, 14).  
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Figure 6. (C) 11 January 2008. Depth average velocity vectors for each cross-section 
line measured with each event campaign at the Wabash River – Embarras River 
confluence. The enlarged section in the confluence hydrodynamic zone (lines 2-8, 14).  
54 
 
 
 
Figure 6. (D) 23 April 2008. Depth average velocity vectors for each cross-section line 
measured with each event campaign at the Wabash River – Embarras River confluence. 
The enlarged section in the confluence hydrodynamic zone (lines 2-8, 14).  
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Figure 6. (E) 14 July 2008. Depth average velocity vectors for each cross-section line 
measured with each event campaign at the Wabash River – Embarras River confluence. 
The enlarged section in the confluence hydrodynamic zone (lines 2-8, 14).  
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Figure 7. Cross-sectional contour plots of streamwise velocity, in centimeters per second (cm/s), for five measurement 
events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream view of the 
plots. 
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Figure 7. (continued) Cross-sectional contour plots of streamwise velocity, in centimeters per second (cm/s), for five 
measurement events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream 
view of the plots. 
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Figure 8. Cross-sectional contour plots of transverse secondary velocity, in centimeters per second (cm/s), for five 
measurement events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream 
view of the plots. 
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Figure 9. Cross-sectional contour plots of Rozovskii rotation secondary velocity, in centimeters per second (cm/s), for five 
measurement events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream 
view of the plots. 
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Figure 9.  (continued) Cross-sectional contour plots of Rozovskii rotation secondary velocity, in centimeters per second 
(cm/s), for five measurement events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a 
downstream view of the plots. 
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Figure 10. Cross-sectional contour plots of vertical velocity, in centimeters per second (cm/s), for five measurement events 
on the Wabash River – Embarras River confluence. Negative (blue) velocity in downward. Cross-sectional view is oriented 
with a downstream view of the plots. 
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Figure 10. (continued) Cross-sectional contour plots of vertical velocity, in centimeters per second (cm/s), for five 
measurement events on the Wabash River – Embarras River confluence. Negative (blue) velocity in downward. Cross-
sectional view is oriented with a downstream view of the plots. 
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Figure 11.  Cross-section line 6 with primary Rozovoskii velocity contours and secondary Rozovoskii velocity vectors, both 
velocities in centimeters per second (cm/s), for each of the five measurement campaigns. Vector spacing is 2 meters in vertical 
distance and 3 meters in horizontal distance. Cross-sectional view is oriented with a downstream view of the plots. 
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Figure 12. (A) Plan view of the Wabash River – Embarras River confluence with backscatter intensity (BSI), in decibels 
(dB), contours for 20 April 2006. The left view represents the average values for the layer between 2 and 4 meters below the 
surface. The right view represents the average values for the layer between the bed and the first 2 meters above the bed. 
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Figure 12. (B) Plan view of the Wabash River – Embarras River confluence with backscatter intensity (BSI), in decibels 
(dB), contours for 23 May 2006. The left view represents the average values for the layer between 2 and 4 meters below the 
surface. The right view represents the average values for the layer between the bed and the first 2 meters above the bed. 
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Figure 12. (C) Plan view of the Wabash River – Embarras River confluence with backscatter intensity (BSI), in decibels 
(dB), contours for 11 January 2008. The left view represents the average values for the layer between 2 and 4 meters below the 
surface. The right view represents the average values for the layer between the bed and the first 2 meters above the bed. 
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Figure 12. (D) Plan view of the Wabash River – Embarras River confluence with backscatter intensity (BSI), in decibels 
(dB), contours for 23 April 2008. The left view represents the average values for the layer between 2 and 4 meters below the 
surface. The right view represents the average values for the layer between the bed and the first 2 meters above the bed. 
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Figure 12. (E) Plan view of the Wabash River – Embarras River confluence with backscatter intensity (BSI), in decibels 
(dB), contours for 14 July 2008. The left view represents the average values for the layer between 2 and 4 meters below the 
surface. The right view represents the average values for the layer between the bed and the first 2 meters above the bed. 
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Figure 13. Cross-sectional contour plots of backscatter intensity (BSI), in decibels (dB), for five measurement events on the 
Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream view of the plots. 
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Figure 13. (continued) Cross-sectional contour plots of backscatter intensity (BSI), in decibels (dB), for five measurement 
events on the Wabash River – Embarras River confluence. Cross-sectional view is oriented with a downstream view of the 
plots. 
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Figure 14. Plan view of the Wabash River – Embarras River confluence showing contours of temperature, in degree 
Celsius, for each of the five measured events. Contour intervals are scaled specific to event. 
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Figure 15.  Aerial image of the confluence of Embarrass River and Wabash River on April 12, 2016 showing shear 
layer/mixing interface between the two flows based on differences in turbidity. Discharge ratio is approximately 0.34. 
Scalloped pattern of the interface reflects shear-induced turbulent structures that rotate around vertical axes.  Image obtained 
from Google Earth.   
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